Abstract. Buckling Restrained Braces (BRBs), differently from conventional braces, do not exhibit appreciable difference between the tensile and compression capacity and no strength degradation of brace capacity under compressive and cyclic loading. Since lateral and local buckling behaviour modes are restrained, large inelastic capacities are attainable. Hence, BRBs may represent an efficient and reliable solution for reducing the seismic vulnerability of buildings. Results of experimental tests on the response of a real two-story reinforced concrete (RC) building equipped with BRBs are presented and discussed. The considered BRBs are a special 'only-steel' version of the more common 'unbonded braces'. In particular, two different BRBs have been tested. Both of them are detachable "only-steel" devices, consisting in a rectangular steel plate and a restraining steel sleeve. The latter is composed by two omega shapes which are bolted together. The main characteristic of the braces consists in the possibility to hide them within the space between the facing and the backing of masonry infill walls commonly used for RC buildings.
INTRODUCTION
Buckling-Restrained Braces (BRBs) are a relatively recent development in the field of seismic resistant steel structures. BRBs can be considered as one of the most efficient structural system for resisting lateral forces due to earthquakes because (i) they provide complete truss action, (ii) they exhibit a symmetric load-deformation behaviour (equal response in compression and tension) and large energy absorption capacity [1] . They are basically made of two components: (i) a yielding steel core and (ii) a restraining unit. The former component takes the axial force while the second component restrains the brace from buckling in compression. In particular, a ductile steel core (rectangular or cruciform plates, circular rods, etc.) may be enclosed in either a continuous concrete-filled tube or within a continuous steel tube. In the first case, the brace is called "unbonded" BRB, because the contact surface between the core and the sleeve is treated with unbonding materials to allow the relative displacement between the core and the restraining concrete. In the second case, the steel core is separated by the sleeve with a small gap and it is usually called "onlysteel" BRB. In both cases, the assembly is detailed so that the yielding core can deform longitudinally independent from the mechanism that restrains lateral and local buckling. "Only-steel" BRBs may have some advantages over "unbonded" braces. In fact, this type of BRBs can be designed to be detachable. Hence, they could be inspected after each seismic event and, if necessary, the yielded steel core could be replaced by a new one. Moreover, an "only-steel" BRB is lighter than an 'unbonded' one; this implies a technical and economical advantage during the assembling.
The research presented in this paper was addressed to study a special "only-steel" detachable BRB, to be used for improving the seismic response of existing buildings. Two tests have been carried out on a real masonry-infilled RC building equipped with BRBs. In particular, the tested devices have been designed to be hidden in the inner space between the two facing walls.
EXPERIMENTAL ACTIVITY
This study started from the exceptional opportunity to carry out experimental tests in the inelastic range of response on a real RC building (Figure 1 ), which is located in Bagnoli (Naples, Italy) and was destined to demolition by competent Authority, within the dismantling process of the Italian steel mill ILVA. The building was built at the beginning of 1980s and it was designed to essentially resist vertical loads. It is rectangular in plan (18.50 × 12.00 m), on two floors, with first and second floor heights equal to 4.60 m and 8.95 m (Figure 2 ). This building has initially been tested two times, in the original conditions and after some repairing. In particular, it was pushed in the Y-direction by lateral loading up to severe damage of both structural frame members and infill walls. Lateral loads have been applied according to an inverted triangular distribution. Both tests showed the formation of a weak story at the first floor. Detailed information about the first two tests will be found in the reference [2] . After these tests, the structure has been partially repaired and two BRB systems have been designed. In particular, BRBs were designed to be hidden in the inner hole of facing walls as shown in Figure 2a where the braces (indicated with the dashed lines) are inserted into the two perimetric bays on the short building side. Figure 2b shows the brace configuration, with the BRBs mounted only at the first floor. Moreover, in order to demonstrate the feasibility of hiding the device into the claddings, only for the first test on BRBs the external facing wall has been reconstructed in one bay (Figures 3a,b 
Design Criteria of the BRB Retrofitting System
The tested devices have been designed for retrofitting the RC building described in the previous Section. The strength and stiffness of the BRB system have been selected as those required for limiting the maximum first-story drift to 1% under earthquakes characterized by 475 years return period. In fact, according to AISC 2005 [3] , the design story drift θ b shall not be taken as less than 0.01 times the story height and the buckling-restraining system should limit local and overall buckling of the steel core for deformations corresponding to 2.0 times the design story drift, thus providing interstory drift capacity at least of 2%.
A displacement-based design procedure has been adopted making use of the capacity spectra [4] . As it is generally known, the displacement-based design procedure requires the definition of a substitute structure, which is a single-degree of freedom equivalent system. As a first step, it is needed to characterize the response of the bare RC building. The experimental response curve obtained with the second test performed on the building has been used to characterize the bare RC structure. Indeed, as shown in Figure 4a , the initial stiffness has been assumed equal to the stiffness measured on the negative unloading branch of the last loading cycle. This assumption is due to the fact that in the last loading cycle, the perimetric infill walls contribution to strength and stiffness was negligible, so that the experimental response was representative of the bare RC structure.
Because of the significant stiffness of the infill walls at the second story (which were not damaged during the first two tests), a uniform distribution of the lateral story displacements has been assumed. Application of the equal-displacements rule suggests that the displacement demand of the unbraced RC building may be quite large (Figure 4b) , with a peak first-story drift demand of about 4%, corresponding to a severe and dangerous damage state for the RC frame. Hence, the BRB system has been designed to reduce such displacement demand. In particular, as previously mentioned, the target displacement of the retrofitted structure has been assumed equal to 1% of the first story height under earthquakes of 475 years return period. By means of the Acceleration-Displacement Response Spectra the design capacity curve of the retrofitted structure is obtained by summing up the ordinates of the "only-RC" curve and the "only-braces" curve, the latter ideally schematized as a bilinear elastic-perfectly plastic curve. The resulting response curve is shown in Figure 4 . The corresponding displacement ductility demand is μ global = 5.5. Because of the truss scheme, the brace ductility is equal to the global ductility. Because of the larger stiffness of the retrofitted structure, the design yielding point, required to get a maximum first-story drift of 1%, has been obtained applying the well-known equal-areas rule.
The difference between the calculated strength of the braced structure and that of the bare RC frame gave the design base shear to size the bracing system. The final result was that the required rectangular sections of the BRB cores were 63mmx10mm (for the longer braces) and 67mmx10mm (for the shorter braces).
Design Details of the Tested BRBs
The concept of the novel device descends from the experience matured within the ILVA-IDEM project [5] . In that contest, two types of BRBs have been studied. The first type (henceforth called type 1) was made using two restraining rectangular tubes, fully welded together with steel plates; the second type (henceforth called type 2) was detachable, being made again with two restraining rectangular tubes but joined together by means of bolted steel connections.
The BRB types under examination were derived from the concept of type 2, with some modifications. The new tested BRB prototypes (henceforth called type 3 and type 4) have also been designed to be detachable, but they differ in some aspects both from the previous one and among them. Both of them essentially differ from their progenitor (type 2) in the restraining unit concept. In fact, instead of two joined steel tubes, it is constituted by two omega-shaped built-up sections bolted in some spaced out zones. As it is shown in Figure 5 , the two omega-shaped sleeve couplings are stiffened by two longitudinal bars, providing the required restraining action to the core. Thanks to this arrangement, the transverse dimension of the sleeve was strongly reduced (from 130mm of the mentioned type 2 [5] to 94mm of the types 3 [6] and 4), thus allowing the brace to be hidden in the inner hole of facing walls. In this case, the sleeve was designed with a restraining force similar to the previous cases; in particular, the minimum ratio N E /N y was 2.06. The main distinction among the tested braces are the different concept of unrestrained end core portions, as shown in Figures  5a,b. A second aspect of distinction is the ratio between the core length (L c ) and the total BRB length (L). In case of BRB type 3, the ratio is L c /L = 0.39, while it was 0.33 in BRB type 4. In addition, BRB type 3 has been designed with an inner clearance between the yielding core and the restraining sleeve equal to 1mm per core side, while the clearance has been assumed 2mm per core side in case of BRB type 4. 
Test Results
Both tested systems showed a good overall response. However, it needs to make a distinction between type 3 and type 4. In fact, the latter showed the best performance with the larger deformation capacity and overall ductility.
In case of BRB type 3 the tested structure reached a maximum interstory drift of about 1.25% (Figure 6a) , which corresponded to a local-distorsional buckling of the unrestrained end portion of the steel core. The corresponding ductility was µ=θ b /θ y =1.25/0.18≈6.94 (Figure 6b ). For larger displacement demand, the localdistorsional buckling of the unrestrained non-yielding end-plate produced strength degradation. More exhaustively, Figure 7 summarizes the damage pattern. In particular, Figure 7a shows the plastic tensile brace elongation. Figure 7b shows the collapse of the external facing wall caused by buckling of the unrestrained end-portion of the BRB. Figures 7c and 7d show the unrestrained end portion of the brace in its final buckled configuration and the failure of welds between the stiffener plates and the tapered core plate.
The reason for this undesired buckling mode may be found in the negative synergy of three combined events: (i) the actual yield stress for the steel of the core plate was appreciably larger than the expected value; (ii) improper, unintentional, manufacture of the welds connecting the unrestrained portion of non-yielding plate and the stiffening steel bars, with consequent failure of the welds; (iii) the inner clearance between yielding core and restraining sleeve has not been complied with (the design clearance has been fixed to be 1mm per core side, while, having detached the devices after the test, a clearance lower than 0.5mm per core side has been measured). BRB type 4 showed the best overall performance, characterized by the complete efficiency as a ductile fuse up to its maximum design deformation range. In fact, this system highlighted a symmetric response with rounded and stable cyclic behaviour. As it can be noted in Figure 8a , the tested device showed a symmetric response into the interstory drift range of ±1.5%. It is worth to notice that the tested structure reached a maximum interstory drift of about 3%, with a minimum ductility capacity of The experimental test was completed in conjunction with the end of the core free length working stroke (Figure 9a, b) . When the maximum displacement capacity of the tested device was achieved two different secondary failure mechanisms were recognized: 1) local buckling and related plastic bending of the steel plates constituting the restraining sleeve ( Figures 9c and d) ; 2) overall brace buckling due to the transmission of compressive forces to the sleeve when the working stroke was exceeded (Figure 9e ). In particular, among the four tested braces the latter mechanism occurred only in one of them, that was characterized by a restraining sleeve with larger local stiffness thanks to the presence of longer fillet welds among the plates constituting the steel casing unit. Finally, at the end of the last loading cycle the tensile fracture of the inner core was recognized in the brace that globally remained stable.
CONCLUSIONS
A special "only-steel" BRB has been proposed with the aim to be used for seismic retrofitting of existing RC structures. The main peculiarity of this innovative device consists in the possibility to hide it into the inner space between the two facades of masonry infill walls commonly used for RC buildings. In detail, two different devices have been tested. Both of them showed a satisfactory global response (an overall ductility of about 7 for the first tested device and a minimum ductility of about 10.5 for the second one), even if the performance of the first type tested was impaired by buckling of the unrestrained non-yielding segment. This undesired phenomenon was essentially due to the lack of accuracy during the manufacturing phases, In order to improve the performance of the "only-steel" BRB prototype, some local details have been simplified and some geometrical proportions have been modified in such a way to improve the "robustness" of the second tested device. The excellent experimental performance confirmed the effectiveness of the chosen technological and geometrical adjustments. However, further experimental investigation should be required to evaluate the cumulative ductility capacity provided by these "only-steel" devices.
